, and 80 mg/kg). High dietary vitamin A decreased bone ash (P < 0.001), and increased the incidence of rickets (P ≤ 0.02). Linear and quadratic responses to vitamin D 3 levels were significant (P < 0.01) for body weight, bone ash, incidence and severity of rickets, and plasma calcium. In Experiment 2, six levels of 25-(OH)D 3 (0, 5, 10, 20, 40, and 80 mg/kg) were added to the basal diet. Adding 25-(OH)D 3 increased (P < 0.001) body weight, bone ash, and plasma calcium, and decreased rickets and plasma vitamin A. Adding 25-(OH)D 3 overcame the reduction in bone ash produced by high dietary vitamin A showing a significant (P ≤ 0.02) interaction. In Experiment 3, six levels of 1,25-(OH) 2 D 3 (0, 2, 4, 8, 16, and 32 mg/kg) were added to the basal diet. High dietary vitamin A increased (P < 0.01) the incidence and severity of rickets. Adding 1,25-(OH) 2 D 3 increased (P < 0.01) body weight, bone ash, plasma calcium, and reduced rickets and plasma and liver vitamin A. Adding 1,25-(OH) 2 D 3 overcame the reduction in bone ash, and the increase in rickets produced by high vitamin A was significant (P ≤ 0.05). These results indicate that high dietary vitamin A (45,000 IU/kg) interferes with the utilization of vitamin D 3 , 25-(OH)D 3 and 1,25-(OH) 2 D 3 , increasing the requirement for each of them. Moreover, 45,000 IU/kg of dietary vitamin A ameliorated the potential toxic effects of feeding high levels of vitamin D 3 , 25-(OH)D 3 and 1,25-(OH) 2 D 3 to young broiler chickens. Further work is necessary to find the minimum levels of these vitamins needed to cause these effects.
INTRODUCTION
High dietary levels of vitamin A interact with cholecalciferol (vitamin D 3 ). The administration of single high levels of vitamins A and D 3 have been shown to affect growth and bone metabolism. Davies and Moore (1934) and Moore and Wang (1945) showed that hypervitaminosis A caused bone fragility in growing rats. Manston (1966) fed high levels of vitamin A to cows and found detrimental effects on bone calcification. High levels of vitamin A have been used experimentally in combination with massive doses of vitamin D 3 to treat milk fever in lactating cows without toxic effects of either vitamin (Payne and Manston, 1967) . Simultaneous administration of excess vitamin A and vitamin D 3 reduced the effects of hypervitaminosis D in the rat (Clark and Bassett, 1962; Clark and Smith, 1964) ; whereas extra vitamin D 3 protected the rat (Vedder and Rosenberg, 1938) , dog (Frey et al., 1975) , and the chick (Taylor et al., 1968; Veltmann et al., 1986 Veltmann et al., , 1987 Veltmann and Jensen, 1985) against vitamin A toxicosis. High levels of vitamin A (44,000 IU/kg) have significantly decreased body weight and increased severity of rickets in turkeys (Stevens et al., 1983) .
In more recent studies, Aburto and Britton (unpublished data) found that high dietary levels of vitamin A decreased body weight and bone ash with increased incidence and severity of rickets when a marginal level of vitamin D 3 (500 IU/kg or 62.5 mg) was added to the basal diet. They also found that the supplementation of Cl, 220; vitamin B 12 , 9 mg; vitamin B 6 , 3; thiamin (as thiamin mononitrate), 2.2; folic acid, 3; biotin, 0.3; and ethoxyquin, 125. 2 Fat soluble vitamins premix provided 20 IU/kg vitamin E, 2 mg/ kg vitamin K as menadione sodium bisulfite complex, and vitamin A (all-trans retinol), cholecalciferol, and 25-hydroxycholecalciferol were added according to treatment need using a rice hull carrier. The 1,25-dihydroxycholecalciferol was added to the premix according to treatment need in propylene glycol. 3 (Norman, 1987) .
The activity of vitamin D 3 , 25-(OH)D 3 , and 1,25-(OH) 2 D 3 , in chicks varies depending on the biological response being used as the criterion of measurement. Soares et al. (1978) estimated that 25-(OH)D 3 is 2.5 to 4.5 times as active as pure cholecalciferol in young chicks. Edwards et al. (1992) indicated that supplementation of 3 mg/kg of either 1,25-(OH) 2 D 3 or 1-(OH)D 3 satisfied the D 3 requirement as measured by most criteria. They also indicated that these compounds are two to four times as active as D 3 . Based on several studies with 1,25-(OH) 2 D 3 , DeLuca (1974) reported that 1,25-(OH) 2 D 3 is a steroid hormone, is the biologically active metabolite of vitamin D, and is 10 times more effective than vitamin D 3 in prevention and cure of rickets.
There are differences in absorption and excretion of cholecalciferol and 25-(OH)D 3 . Bar et al. (1980) indicated that the overall absorption of 25-(OH)D 3 was significantly greater (83.6%) than that of cholecalciferol (66.5%) in chicks. Edwards et al. (1992) indicated that the vitamin D 3 synthesized in the animal as catalyzed by ultraviolet light may be more active than the vitamin D 3 administered orally in the feed. In modern poultry farming, in which rapidly growing birds are reared in confinement, the conversion of 7-dehydrocholesterol usually does not ensure enough cholecalciferol, resulting in a failure to supply adequate vitamin D 3 . Therefore, birds grown in confinement depend almost totally on dietary sources of vitamin D 3 for their normal growth and bone metabolism.
High levels of dietary vitamin A may affect the utilization of vitamin D 3 , whereas high dietary levels of vitamin D 3 , especially its biologically active metabolite [1,25-(OH) 2 D 3 ], could be potentially toxic. Edwards et al. (1992) reported that 15 mg/kg of 1,25(OH) 2 D 3 decreased body weight and supplementation with 9, 12, or 15 mg/ kg of 1,25(OH) 2 D 3 caused a significant decrease in bone ash from its maximum value. Should supplemental v i t a m i n D 3 b e p r o t e c t i v e a g a i n s t h i g h 
MATERIALS AND METHODS
Day-old male (Ross × Ross) broiler chicks were used in all experiments. Four replicates of 10 chicks each were fed each dietary treatment. Chicks were wing-banded and housed in electrically heated battery brooders with wire mesh floors. The temperature of the room was maintained at 22 C. Feed and water were always available and all experiments were conducted for 16 d. The basal diet, shown in Table 1 , was used in all experiments. Sunlight was excluded from the room by taping black plastic over the windows. The overhead fluorescent lights in the room were fitted with Arm-aLite ® 3 sleeves, FR312W-T-12, to prevent emission of ultraviolet light into the room. The fluorescent lights used in the batteries were General Electric, F15T8-CW, providing 3.4% of its wattage in the ultraviolet range (260 to 400 nm). These lights were covered with plastic sleeves to prevent exposure to ultraviolet light. A diagram of the configuration of the pens and lights in relation to chicks is described by Edwards et al. (1994) .
At the termination of the experiments, birds were weighed by pen and their feed consumption recorded. They were then killed by carbon dioxide asphyxiation and examined for vitamin D-type rickets without knowledge of treatment. The birds were diagnosed as having rickets when the subepiphyseal growth-plate band was lengthened (Long et al., 1984) . The degree was scored on a 0 to 3 basis, with 0 being no rickets and 3 very severe rickets. The left tibia was removed for bone ash determination on a dry fat-free basis (AOAC, 1995) .
Experimental Design
Experiment 1 was conducted to determine the effects of feeding low and high levels of vitamin A on the utilization and amelioration of toxicity of vitamin D 3 in broiler chicks. Two supplemental levels of vitamin A (1,500 and 45,000 IU/kg or 450 and 13,500 mg) and six levels of vitamin D 3 (0, 5, 10, 20, 40 , and 80 mg/kg) were added to the basal diet. The other fat-soluble vitamins were added individually (20 IU/kg of vitamin E and 2 mg/kg of vitamin K) to the basal diet. The source of the vitamins used in these experiments was commercial concentrate vitamins. 4 Vitamins A, D 3 , and E were spray-dried, waterdispersible products. Vitamin A activity was 500,000 IU/ g, vitamin D 3 activity was 12,500 mg/g, and vitamin E activity was 500 IU/g. Vitamin K was supplied as the menadione sodium bisulfite complex, which had 33% menadione. These concentrated forms of the vitamins were premixed with rice hulls where appropriate for mixing into the feed.
The experiment employed a 2 × 6 factorial arrangement of treatments and the data were analyzed by analysis of variance with vitamin A and vitamin D 3 as main effects (SAS Institute, 1990) . The pen was considered the experimental unit in all analysis. Both simple and multiple regression analysis for levels of vitamin D 3 were performed (SAS Institute, 1990) . The data for several of the criteria measured were subjected to nonlinear regression analysis and the breakpoint between the ascending quadratic and the plateau was determined using the DUD methods (Helwig and Council, 1979) . This analysis was performed by dietary level of vitamin A.
Experiment 2 was conducted to determine the effects of feeding low and high levels of vitamin A on the utilization, and amelioration of toxicity of 25-(OH)D 3 in broiler chicks. Two supplemental levels of vitamin A (1,500 and 45,000 IU/kg) and six levels of 25-(OH)D 3 (0, 5, 10, 20, 40 , and 80 mg/kg) were added to the basal diet. The 25-(OH)D 3 was a commercial product that contained 183.55 mg/kg of premix and was provided by a local integrated poultry company. 5 All experimental conditions and statistical analysis were the same as described for Experiment 1.
Experiment 3 was conducted to determine the effects of feeding low and high levels of vitamin A on the utilization, and amelioration of toxicity of 1,25-(OH) 2 D 3 in broiler chicks. Two supplemental levels of vitamin A (1,500 and 45,000 IU/kg) and six levels of 1,25-(OH) 2 D 3 (0, 2, 4, 8, 16 , and 32 mg/kg) were added to the basal diet. The 1,25-(OH) 2 D 3 was supplied by Hoffmann-La Roche. 4 The pure compound was put into solution in propylene glycol (10 mg/mL) immediately after opening the sealed vial and was stored in a dark amber bottle. This bottle was flushed with nitrogen and stored under refrigeration at 4 C until the material was mixed in the feed 1 to 2 d before the start of the experiment. All experimental conditions and statistical analysis were the same as described for Experiment 1. Because the interaction between vitamin A and 1,25-(OH) 2 D 3 was significant for several criteria, both simple and multiple regression analysis were performed by level of vitamin A in this experiment.
Plasma and Tissue Analysis
At the termination of each experiment, blood samples were obtained from two randomly selected birds per pen by cardiac puncture, and the plasma was analyzed for total Ca 6 and dialyzable P. 7 Plasma vitamin A was extracted using the method of Jansson et al. (1981) . The plasma was extracted with ethanol and hexane, the top layer removed, dried, and resuspended in ethanol for HPLC injection. The HPLC method as described by Hatam and Kayden (1979) was followed, but a spectrophotometric detector was used at 292 nm which allowed for detection of vitamin A. Alltrans-retinol 8 was used as a standard.
Livers from the same two birds used to obtain plasma were extracted by the procedure of Buttriss and Diplock (1984) . Vitamin A was extracted with hexane following saponification. The HPLC analysis was conducted as described above for the plasma sample.
RESULTS

Experiment 1
High dietary vitamin A decreased bone ash (P < 0.001), and increased the incidence of rickets (P ≤ 0.02) ( Table 2 ). Plasma and liver vitamin A concentrations significantly increased (P < 0.001) with increasing vitamin A. The 4 Vitamin A added as all-trans retinol (1,500 IU = 450 mg and 45,000 IU = 13,500 mg). 5 Vitamin D 3 added as cholecalciferol (5 mg = 200 IU) (Norman, 1972 response to increasing dietary vitamin D 3 was significant (P ≤ 0.05) for all the criteria measured except for plasma and liver vitamin A. Linear and quadratic responses to vitamin D 3 levels were highly significant (P < 0.01) for body weight, bone ash, incidence and severity of rickets, and plasma calcium. Gain:feed ratio showed only a quadratic effect to increasing dietary vitamin D 3 (P ≤ 0.05). Rickets score and plasma phosphorus showed only a linear response (P ≤ 0.05) to increasing vitamin D 3 levels. 
Experiment 2
High dietary vitamin A increased (P ≤ 0.05) rickets score and increased (P < 0.001) plasma and liver vitamin A concentrations (Table 3) . Increasing dietary levels of 25-(OH)D 3 significantly (P < 0.001) increased body weight, bone ash, plasma calcium, and plasma phosphorus and decreased rickets score, rickets incidence, number three scores, and plasma vitamin A concentration. Linear and quadratic responses to 25-(OH)D 3 levels were significant (P < 0.01) for body weight, bone ash, rickets score, rickets incidence, number three scores, plasma calcium, and plasma phosphorus. A significant (P < 0.01) linear decrease in plasma vitamin A was produced by increasing levels of 25-(OH)D 3 .
Interactions. The vitamin A by 25-(OH)D 3 interaction was significant (P ≤ 0.02). At the low vitamin A level, 10 mg/kg of 25-(OH)D 3 was adequate for maximum bone ash but with the high level of vitamin A, 20 mg/kg was required to give maximum bone ash. Similarly, rickets score caused by the two low levels of 25-(OH)D 3 (5 and 10 mg/kg) were higher when the high level of vitamin A was fed and their interaction approached significance (P ≤ 0.09).
Experiment 3
High dietary vitamin A increased (P < 0.01) the incidence and severity of rickets, and plasma and liver vitamin A concentrations (Table 4) . Increasing dietary levels of 1,25-(OH) 2 D 3 significantly (P < 0.01) increased body weight, bone ash, and plasma calcium and decreased gain:feed ratio, rickets score, rickets incidence, number three scores, and plasma and liver vitamin A concentrations. A quadratic response (P ≤ 0.05) to increasing levels of 1,25-(OH) 2 D 3 was observed for body weight at both levels of vitamin A. Gain:feed ratio linearly decreased (P < 0.001) with increasing levels of 1,25-(OH) 2 D 3 at low vitamin A. The same parameter showed a quadratic response (P < 0.001) at high vitamin A. Linear and quadratic responses (P < 0.01) were produced by increasing the level of 1,25-(OH) 2 D 3 on bone ash, rickets score, rickets incidence, number three scores, and plasma calcium at both levels of vitamin A. A quadratic response (P ≤ 0.03) was observed with increasing 1,25-(OH) 2 D 3 for plasma phosphorus but only at the low level of vitamin A. Linear and quadratic responses of plasma and liver vitamin A concentrations (P ≤ 0.05) were produced by increasing the level of 1,25-(OH) 2 D 3 at both levels of vitamin A.
Interactions. There were several significant interactions between 1,25-(OH) 2 D 3 and vitamin A in this study. The gain:feed ratio was the same for the 4 and 8 mg/kg of 1,25-(OH) 2 D 3 and either level of vitamin A; however, at 2 of low and high levels of vitamin A and different levels of 1,25-dihydroxycholecalciferol [1,25-(OH) 2 D 3 ] mg/kg of 1,25-(OH) 2 D 3 gain:feed was better at low vitamin A and at 16 and 32 mg/kg of 1,25-(OH) 2 D 3 gain: feed was better at high levels of vitamin A, which accounted for the significant interaction (P ≤ 0.05). The bone ash interaction of 1,25-(OH) 2 D 3 and vitamin A approached significance (P ≤ 0.06) but no trend was noted. Vitamin A at 45,000 IU/kg increased the incidence and severity of rickets at lower levels of 1,25-(OH) 2 D 3 (2, 4 and 8 mg/kg) compared to the chicks fed the vitamin A at 1500 IU/kg. More 1,25-(OH) 2 D 3 was required to overcome rickets when the high level of vitamin A was fed producing a significant interaction. A significant interaction between vitamin A and 1,25-(OH) 2 D 3 was seen for liver vitamin A. Increasing the 1,25-(OH) 2 D 3 in the diet caused a greater reduction in liver vitamin A in birds fed 45,000 IU/kg of vitamin A than in those fed 1,500 IU/kg.
DISCUSSION
The results of these experiments indicate that high dietary vitamin A interferes with the utilization of vitamin D 3 , 25-(OH)D 3 , and 1,25-(OH) 2 D 3 when these are supplemented at low or marginal levels. However, when supplementation of vitamin D 3 , 25-(OH)D 3 , and 1,25-(OH) 2 D 3 was adequate, they appeared to overcome the effects of high dietary vitamin A. Veltmann et al. (1987) reported that supplementing the diet with extra vitamin D 3 partially ameliorated the effects of vitamin A Predicted requirements of cholecalciferol (vitamin D 3 ), 25-hydroxycholecalciferol [25-(OH)D 3 ], and 1,25 (Helwig and Council, 1979 Clark and Bassett (1962) , who reported that the severity of the symptoms of hypervitaminosis D in rats was greatly decreased and, in some cases, no toxicity was observed, if sufficiently large amounts of vitamin A were administered simultaneously with excess vitamin D. Similarly, Clark and Smith (1964) reported that the concomitant feeding of toxic amounts of vitamins A and D prevented to a large extent the toxic effects of both. However, no information has been published on adding vitamin D metabolites directly to the diet relative to the need for dietary vitamin A. In Experiment 1, high dietary vitamin A decreased bone ash (P < 0.001). This effect was not observed in Experiments 2, and 3, in which 25-(OH) 2 D 3 and 1,25-(OH) 2 D 3 served as the vitamin D source. This finding suggests that these metabolites have higher bone accretion activity than vitamin D 3 . Soares et al. (1978) estimated that 25-(OH)D 3 is 2.5 to 4.5 times as active as pure cholecalciferol in young chicks, whereas Edwards et al. (1992) indicated that 1,25-(OH) 2 D 3 was two to four times as active as D 3 .
The data for body weight, bone ash, rickets score, and plasma calcium in each of the experiments were subjected to nonlinear regression analysis (Table 5) By using the data from the three nonlinear regression analysis, it was found that 25-(OH)D 3 is more actively utilized than vitamin D 3 and that 1,25-(OH) 2 D 3 is more actively utilized than either D 3 or 25-(OH)D 3 (Table 6 ). However, it should be noted that this comparison was made using data from three separate experiments done at different times. Nevertheless, our results indicate that 1,25-(OH) 2 D 3 was 10.7 and 12.4 times more active (with low and high vitamin A, respectively) than vitamin D 3 for controlling the incidence of rickets, which agrees with DeLuca (1974) , who found that 1,25-(OH) 2 D 3 is ten times more effective than vitamin D 3 in prevention of rickets.
Body weight seemed to be one of the most sensitive parameters affected by high dietary vitamin D 3 or its metabolites. When the low dietary vitamin A (1,500 IU/ kg of diet) was supplemented with vitamin D 3 and its derivatives, a quadratic response for body weight was obtained. This effect was more severe when 1,25-(OH) 2 D 3 was fed. For instance, 16 mg/kg of 1,25-(OH) 2 D 3 in the diet produced birds with body weights the same as those of the control group receiving zero 1,25-(OH) 2 D 3 . The addition of 32 mg/kg of 1,25-(OH) 2 D 3 to the diet produced birds with body weights lower than those of the control group. These results agree with the findings of Edwards et al. (1992) that 15 mg/kg of 1,25-(OH) 2 D 3 decreased body weight in broilers. Sanders and Edwards (1991) reported that the Activity of 25-hydroxycholecalciferol [25-(OH)D 3 ] and 1,25-dihydroxycholecalciferol [1,25-(OH) There was a decrease in body weight in the birds fed 16 and 32 mg/kg compared to the maximum body weights in birds fed 4 or 8 mg/kg but this reduction was not as great as the decrease seen in the control groups fed no metabolite. A similar situation was observed for plasma phosphorus in Experiment 3. The addition of 32 mg/kg of 1,25-(OH) 2 D 3 decreased plasma phosphorus lower than the control groups with zero 1,25-(OH) 2 D 3 ; however, high dietary vitamin A partially prevented the toxic effects of feeding high levels of this vitamin D metabolite. The activity of 25-(OH)D 3 and 1,25-(OH) 2 D 3 was higher than vitamin D 3 not only for body weight, bone parameters, and plasma calcium but also for interference with the utilization (absorption, transport, or metabolism) of vitamin A. By using HPLC techniques, we found that plasma and liver vitamin A concentrations decreased when the dietary concentrations of 25-(OH)D 3 and 1,25-(OH) 2 D 3 were increased, but not when vitamin D 3 was fed at the levels used. Feeding 25-(OH)D 3 significantly (P ≤ 0.05) decreased plasma vitamin A but not liver vitamin A. Furthermore, the linear decrease in plasma vitamin A caused by increasing 25-(OH)D 3 approached significance (P ≤ 0.07). The effect of 1,25-(OH) 2 D 3 was significant (P < 0.01) for plasma and liver vitamin A concentrations. The finding that 1,25-(OH) 2 D 3 can lower plasma and liver concentrations of vitamin A has not been reported before, and indicate that the activity of 25-(OH)D 3 and 1,25-(OH) 2 D 3 is much higher than vitamin D 3 , not only to produce maximum response for several criteria measured, but also to interfere with vitamin A prior to or during the absorption and/or transport processes. It seems unlikely that low levels of 25-(OH)D 3 (5 mg/kg of diet) and 1,25-(OH) 2 D 3 (2, 4, and 8 mg/kg of diet) could interfere with the absorption of vitamin A (450 or 13,500 mg/kg of diet) by mass action. Thus, it is possible that 25(OH)D 3 and 1,25-(OH) 2 D 3 could prevent vitamin A from being transported as efficiently by having greater affinity for the receptors of the respective carrier proteins than its parent compounds and by this mechanism could interfere with the transport of vitamin A into the blood. Future work will be required to elucidate the exact mechanism.
